The control of globin synthesis by hemin in cell-free preparations of rabbit reticulocytes is mediated by an inhibitor (translational repressor) of globin chain initiation that is inactivated by hemin. When the ribosome-free supernatant fraction is warmed at 34°with-out hemin, it quickly acquires the ability to inhibit a fresh cell-free preparation. If the warmed supernatant fraction is further incubated with hemin, its inhibitory activity is lost. This reversible inhibitor, which is observable only during the early period of incubation without hemin, is distinct from an irreversible inhibitor that becomes prevalent during longer incubations. The reversible inhibitor may be an intermediate in the formation of the irreversible inhibitor. The sensitivity of the reversible inhibitor to inactivation by hemin, which permits resumption of globin synthesis in both intact cells and lysates, indicates that the inhibitor is a physiological regulator.
The formation of the protein moiety of hemoglobin, globin, is controlled in the intact rabbit reticulocyte by the availability of its prosthetic group, hemin (1, 2) . In the absence of iron for hemin synthesis (3) or hemin itself (3) (4) (5) , a disaggregation of the polyribosomes takes place, indicating that regulation is at the site of globin chain initiation (6) . At the early stages of iron or hemin deficiency in intact cells, both globin synthesis and polyribosome aggregation can be restored by the addition of hemin (3) (4) (5) . Although a role for hemin in maintenance of both globin synthesis and polyribosome structure can also be demonstrated in pell-free preparations of reticulocytes (7, 8) , the reversibility seen with intact cells is less readily apparent (7) (8) (9) . However, Adamson et al. (10) have reported that, in some reticulocyte lysates, the effects of hemin deprivation can be reversed by its later addition. We have confirmed this observation and report here that at early times after hemin deficiency the control of globin synthesis is mediated by the formation of a translational repressor in the ribosome-free supernatant fraction. This inhibitor can be inactivated by hemin. When the supernatant fraction is incubated in the absence of hemin for longer periods, an inhibitor, which cannot be reversed by hemin, is formed (11) (12) (13) .
METHODS
The preparation of reticulocyte lysates from rabbits treated with phenylhydrazine was as described (13) . The ribosomefree supernatant fraction (supernate) of a 1:1 reticulocytewater lysate w~s prepared by centrifugation of the lysate at about 400,000 X g for 60 min in cut-down tubes in a SW56 rotor (14) . Detailed procedures for performing cell-free incubations have been described (13) . In brief, tubes con-1565 taining 5 volumes of 1:1 reticulocyte lysate in water, 3 volumes of a master mix, and either 3 volumes of water or 1 volume of water and 2 volumes of supernate were incubated at 340 for various periods. Master mix contained the following components in amounts to yield the indicated final concentration in the total incubation mixture: 75 mM KCl, 2 mM MgCI2, 0.5 mM ATP, 0.2 mM GTP, 15 mM creatine phosphate, 45 units/ml of creatine phosphokinase, 0.3 mM L-[1-14C]leucine (5 Ci/mol), and a mibture of 19 other unlabeled amino acids, the composition of which was the same as that reported for rabbit hemoglobin. The amounts of hemin added are indicated in each figure legend. The supernate was warmed at 340 for studies on inhibitor formation, unless otherwise indicated.
Leucine incorporation into globin was determined as described (13) . In one experiment, as noted in the figure legend, it was determined after release of hemin and precipitation of globin with acidified acetone (3 ml, 0.15 N HCI), followed by washes with 5% trichloroacetic acid (2 ml at 850 for 15 min) and acetone (3 ml). The dried precipitate was dissolved in 0.20 ml of formic acid and counted with 10 ml of Aquasol (New England Nuclear Corp.) in a Packard model no. 4322 liquid scintillation spectrometer.
RESULTS AND DISCUSSION
When hemin is added to an incorporating system at times beyond the point at which globin synthesis had nearly ceased there occurs, after a lO-min lag, better than 50% recovery in the rate of globin synthesis (Fig. 1) . About one-half of our lysates show this degree of recovery after hemin deprivation, while the remainder are somewhat less able to resume hemoglobin synthesis when the addition of hemin is delayed. The lysate characterized in Fig. 1 and supernate from this lysate were used for all subsequent experiments.
We next studied whether previous incubation of the lysate alone in the absence of hemin would have the same effect as incubation of the complete incorporation preparation without hemin. The lysate was warmed at 340 for 10 min and then was added to the master mix and hemin, either immediately or after an additional 10 min at 00. The rate of globin synthesis in the sample added immediately was markedly depressed from 2-6 min, but quickly increased after that time, and from 10-60 min it was nearly equal to that of the sample incubated with hemin and master mix from time zero (Fig. 2) . Thus, previous incubation of lysate without hemin appears to have the same effect as incubation of the complete incorporation Proc. Nat. Acad. Sci. USA 69 (1972) We suspected that warming in the; affected the supernate rather than the r previous evidence indicated that the riboso that had been warmed without hemin for a i could function normally when incubated w and one in the absence (@-*) of 6.5 nmol of hemin. The lysate portion of the other two samples was warmed at 340 for 10 min. One then received the water, master mix, and 6.5 nmol of hemin immediately (A--A), while the other received these additions after first being cooled for 10 min at 00 (A-A). At the indicated times, hot acid-precipitable radioactivity was determined in 25-Ml aliquots of each reaction mixture. (A) the incorporation at 0-10 min; (B), 0-90 min. (11) . To distinguish between hemin-sensitive inhibitory activity being formed and an essential factor being reversibly A /~i nactivated, the supernate was warmed and then added to a complete incorporating preparation without hemin. We have chosen to perform this assay without added hemin since the effect of warming is quickly reversed by hemin. The results in Fig. 3 show that addition of warmed supernate caused incorporation to terminate sooner when compared to control samples that received the same volume of either water or fresh supernate. If the effect of warming in the absence of hemin was the loss of an essential factor, addition of 'the warmed supernate to an incorporating preparation should be no more inhibitory than the addition of an equal volume of 90 105 120 water. The results in Fig. 3 there is a short delay before the added inhibitor acts on the d lysate that had system. A similar lag was a characteristic of the action of ,sion of globin synthe irreversible inhibitor (13).
will be considered
Since globin synthesis can be restored by the later addition of hemin, either the inhibitor itself is removed by hemin or absence of hemin its action is reversed by it at the site of protein synthesis. ibosomes, because
We tested these hypotheses by incubating supernates without )mes from a sample hemin and then, either immediately or after an additional mucn ionger period ith fresh supernate At the indicated times, hot acid-precipitable radioactivity was determined in 25-MAl aliquots of each reaction mixture.
10-min incubation with hemin, assaying for inhibitor in a complete reaction mixture containing hemin (Fig. 4) . The warmed supernates caused a depression in the rate of globin synthesis from 2-6 min, which disappeared after 10 min. The same supernates, which were incubated for an additional 10 min with hemin and then assayed, showed no inhibitory effect at any time. Consequently, the inhibitor formed in the supernate in the absence of hemin was completely removed by further incubation with hemin. When the inhibitor was assayed immediately, receiving hemin only at time zero of the assay, it depressed globin synthesis briefly before it was reversed by the hemin in the assay system. The kinetics of incorporation, induced by a small volume of supernate warmed for 30 min, is similar to that of a preparation in which the entire lysate has been warmed for 10 min (Fig. 2) . The results indicate that hemin acts by promoting the inactivation of the reversible inhibitor rather than by interfering with its action in protein synthesis.
This hemin-sensitive inhibitory activity appears to be distinct from the irreversible inhibitor (11) (12) (13) . The formation of the irreversible inhibitor is prevented by hemin, but, once formed, it is neither inactivated by hemin nor is its action blocked by hemin. It seemed possible, however, that those cell-free preparations, which can resume the synthesis of globin with the delayed addition of hemin, contain some factor which, in the presence of hemin, can inactivate a small amount of the irreversible inhibitor. To distinguish between these possibilities, a comparison was made between the effect on globin synthesis of a small dose of irreversible inhibitor (13) and a larger amount of supernate warmed for only 30 min (Fig. 5) . The less than that of the briefly warmed supernate, only the inhibition by the latter was relieved during the course of the incubation. These findings indicate that there is a heminsensitive, reversible inhibitor that is distinct from the irreversible inhibitor.
The rate of formation of both reversible and irreversible inhibitors was determined to see whether a precursor-product relationship could exist between the two. Supernate was warmed without hemin for progressively longer times and then assayed either immediately or after 10 min of further incubation with hemin by addition to a cell-free preparation containing hemin (Fig. 6) . Reversible inhibitory activity was estimated by leucine incorporation from 2-6 min, and irreversible inhibitory activity, by incorporation from 6-60 min. Inhibitory activity at 2-6 min (reversible inhibitor) was formed quickly and was markedly reduced by incubation of the warmed supernate with hemin. Inhibitory activity observed from 6-60 min (irreversible inhibitor) was formed slowly during the first 30 min and more rapidly after 40 min. Hemin did not reduce this inhibitory activity but did block any further increase. The presence of hemin in the supernate throughout the preincubation period prevented formation of both reversible and irreversible inhibitors. These data suggest that a precursor-product relationship from reversible to irreversible inhibitor may exist and the following reaction scheme is suggested:
The reversible inhibitor described here may be the regulator through which globin synthesis is controlled by hemin in the intact cell.
